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Abstract
We propose a model of calcium channels that can explain most of their observed properties, including the anomalous mole
fraction effect and mutation of the glutamate residues. The structure grossly resembles that of the KcsA potassium channel
except for the presence of an extracellular vestibule and a shorter selectivity filter containing four glutamate residues. Using
this model in electrostatic calculations and Brownian dynamics simulations, we study mechanisms of ion permeation and
selectivity in the channel. Potential energy profiles calculated for multiple ions in the channel provide explanations of ion
permeation, the block of Na currents by Ca2 ions, and many other observed properties. Brownian dynamics simulations
provide quantitative predictions for the channel currents which reproduce available experimental data. ß 2000 Elsevier
Science B.V. All rights reserved.
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Calcium channels provide a communication mech-
anism between cells that is necessary for neurotrans-
mission, muscle contraction and neurochemical mod-
ulation. To perform this role they must exhibit
remarkable selectivity while conducting millions of
ions into the cell each second [1], two properties
that are di⁄cult to reconcile. Whereas the recent
determination of the structures of the KcsA potassi-
um [2] and the MscL mechanosensitive [3] channels
has led to some understanding of the structure^func-
tion relationship [4^6], a protein structure for calci-
um channels is yet to be produced. The challenge is,
therefore, to use the available data from patch clamp
and mutagenesis experiments, to propose a structure
that can reproduce the extraordinary properties of
this important ion channel. Here we put forward
such a model, and use electrostatic calculations and
Brownian dynamics (BD) simulations to examine it.
We reproduce many experimental results, and pro-
vide simple explanations for these in terms of electro-
static ion^ion and ion^channel interactions.
On the basis of known experimental properties of
calcium channels [7^11], primary structure [12], mo-
lecular models [13,14] and insights gathered from the
structure of the potassium channel, we have con-
structed a three-dimensional calcium channel model,
shown in the inset of Fig. 1. The important features
are a wide extracellular mouth, a narrow selectivity
¢lter (r = 2.8 Aî ) with four strongly charged glutamate
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residues placed in a helical pattern, and a long cham-
ber region that tapers toward the intracellular side.
Four mouth dipoles are placed at the intracellular
entrance to overcome the large image forces. The
charges on the glutamates and mouth dipoles are
optimized to maximize ionic currents as discussed
later. The dielectric constant of the channel protein
is taken as Op = 2 and water as Ow = 60 [15]. While a
lower value of Ow in the selectivity ¢lter may be more
appropriate, a fast solution of Poisson’s equation
(necessary for BD simulations) is only possible with
a uniform Ow in the channel. Even with a lower value
of Ow, we expect to obtain similar potential energy
pro¢les because the increased e¡ectiveness of gluta-
mates will be largely cancelled by their higher proto-
nation.
In Fig. 1, we present the electrostatic potential
energy pro¢les for various ion con¢gurations in the
channel obtained from numerical solutions of Pois-
son’s equation using the boundary charge method
[16]. A Ca2 ion entering an empty channel falls
into a very deep potential well of 58 kT created by
the glutamate charges (lower solid line in A). A sec-
ond Ca2 ion entering from the right (corresponding
to physiologically favored inward current) meets a
much smaller well (7 kT, dashed line in A) and it
can coexist with the ¢rst ion in a stable equilibrium.
More importantly, the ¢rst Ca2 ion now faces a
relatively small barrier on the left (5 kT, upper solid
line in A), which it can surmount through random
motions and cross the channel. These pro¢les suggest
that two Ca2 ions are involved in the permeation
process. A similar picture emerges for Na ions as
shown in (B) except that the channel can now hold
up to three ions in a stable equilibrium. As there is a
large potential well with only one or two ions in the
channel we expect all three ions will be required for
permeation. Also, as the barrier seen by the left-most
ion in this case is only 1 kT, Na should cross the
channel more readily than Ca2. In (C) we show the
pro¢les for the mixed case of one Ca2 (solid line)
and one Na (dashed line) ion entering the channel
whilst the other inhabits the potential well. Clearly,
when there is a Na ion in the channel, a Ca2 ion
can easily enter from the right and push the Na out
(lower curves). However, a Na ion entering the
channel will not be able dislodge the Ca2 ion be-
cause it faces an insurmountable barrier of 16 kT
Fig. 1. Electrostatic energy pro¢les. The calcium channel model
is generated by rotating the curves shown in the inset (top) by
180‡. The positions of two of the four glutamate groups are
shown by the black squares and the mouth dipoles by the dia-
monds. Potential energy pro¢les are shown for one and two
Ca2 ions (A); one, two and three Na ions (B); and the
mixed case of one Ca2 (solid line) and one Na (dashed line)
ion. In all pro¢les the test ion is moved in 1 Aî steps in the z
direction, and at each position allowed to move to its minimum
energy position in the x^y plane. In multi-ion pro¢les, the extra
ions in the channel are allowed to move to their minimum en-
ergy positions at each position of the test ion. The left and
right sides of the curves correspond to the test ion entering
from the left or the right.
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(upper curves). A second Na ion cannot enter the
channel and help expel the Ca2 ion as it faces a
steeply rising Coulomb barrier (not shown). Thus
while a Ca2 ion can easily dislodge one or more
Na ions, the existence of a Ca2 ion in the channel
blocks the permeation of Na ions.
We next perform BD simulations that turn the
insights derived from the electrostatic energy pro¢les
above into quantitative predictions on various prop-
erties of the calcium channel. In these simulations we
randomly place a number of ions at the desired con-
centration in reservoirs attached to each end of the
channel and trace the motion of these ions under the
in£uence of electric forces using the Langevin equa-
tion [15]. The channel only conducts for a narrow
range of charges, and we adopt the values that max-
imize this current. For both the Ca2 and Na this
occurs with charges of 1.3U10319 C on the gluta-
mate residues and 0.6U10319 C on the mouth di-
poles. That we use a value slightly lower than e for
the glutamates is reasonable given the likelihood
of protonation [17]. The di¡usion coe⁄cients of
Ca2 and Na are estimated from the molecular dy-
namics simulations of Allen et al. [18]. We adopt
0.5 times the bulk di¡usion coe⁄cient for Ca2
ions in the channel chamber (3256 z6 7.5 Aî ) and
0.1 times the bulk value in the selectivity ¢lter
(7.56 z6 20 Aî ). Corresponding values of 0.5 and
0.4 times the bulk value are used for Na. The cur-
Fig. 2. Current^voltage relationships. The magnitude of the
Ca2 (¢lled circles) and Na (open circles) current passing
through the channel from BD simulations with a symmetric so-
lution of (A) 150 mM CaCl2 and (B) 150 mM NaCl in both
reservoirs, and (C) an asymmetrical mixture of 100 mM CaCl2
and 50 mM NaCl on the extracellular side of the channel and
50 mM NaCl only on the intracellular side, is plotted against
the strength of the driving potential. The insets show experi-
mental data in similar conditions [19,20]. In this and following
¢gures, error bars have a length of one standard error of the
mean and are not shown when smaller than the data points.
Fig. 3. Current^concentration relationships. The current ob-
tained with symmetrical solutions of varying concentrations of
CaCl2 in the reservoirs is shown normalized by its value at
300 mM (normalized values are used to account for the larger
driving potential required in BD simulations for reliable statis-
tics). An applied voltage of 3200 mV is used and the data
points are ¢tted by the solid line using the Michaelis^Menten
equation. Experimental data of Hess et al. [21] are shown by
the open diamonds and dotted line.
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rent^voltage relationships shown in Fig. 2 are ob-
tained from BD simulations using symmetrical solu-
tions of 150 mM CaCl2 (A); 150 mM NaCl (B); and
an asymmetrical mixture of 100 mM CaCl2 and 50
mM NaCl on the extracellular side of the channel
and 50 mM NaCl only on the intracellular side
(C). Experimental results [19,20] are shown in the
insets for comparison. The conductance values of
Ca2 and Na calculated at an applied potential of
3120 mV in the symmetric cases are 9.7 and 122 pS,
close to the experimentally determined values of 8^
9 pS for Ca2 with 100 mM solutions and 90 pS for
Na in 150 mM solutions [20,21]. In all relation-
ships, there is a small asymmetry between the inward
and outward currents and a pronounced deviation
from the linear Ohm’s law when the applied potential
is greater than V100 mV. This nonlinearity can also
be seen in the experimental data, albeit to a slightly
lesser extent. In the mixed case it can be seen that the
presence of Ca2 blocks Na current as the inward
current is comprised of Ca2 only.
The current^concentration relationship for Ca2
found from BD simulations is shown in Fig. 3. These
results follow closely the well known Michaelis^
Menten form. The experimental results of Hess et
al. [21] describing saturation of the Ca2 current
are well reproduced by the BD simulations.
Experimental studies of mixtures of Ca2 and Na
ions in calcium channels have shown a remarkable
behavior. As the relative concentration of Ca2 to
Na is decreased, the conductance of the channel
¢rst decreases to a minimum and then increases
again to a maximum when there is no Ca2 present
[22]. This so-called ‘anomalous mol fraction e¡ect’
C
Fig. 4. Calcium channel properties with ionic mixtures under a
driving potential of 3200 mV. (A) Mol fraction e¡ect. The
Ca2 (¢lled circles) and Na (open circles) current passing
through the channel normalized by the maximum value of each
is shown with di¡erent symmetrical Ca2 concentrations in the
reservoirs. The Na concentration is ¢xed at 150 mM in both
reservoirs in all cases. Experimental results [22] are shown in
the inset. (B) Attenuation of Ca2 current by Na ions. The
percentage attenuation of channel current is determined from
BD simulations at di¡erent Na concentrations by comparing
to the value in the absence of Na. The Ca2 concentration is
held at 150 mM in both reservoirs (¢lled circles). The open dia-
monds and dotted line show experimental data [25]. (C) The ef-
fect of removing glutamate charges on channel selectivity. The
Na current passing through the channel at di¡erent Ca2 con-
centrations with all four glutamate charges in place (¢lled
circles), the outermost glutamate removed (triangles) and the in-
nermost glutamate removed (squares), otherwise all conditions
are as in (A). Experimental data for wild type (¢lled circles)
and for single glutamate to glutamine mutations of two di¡er-
ent residues (triangles and diamonds) [10] are shown in the in-
set.
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has been a major subject of attention in calcium
channel literature [1,23]. We have investigated this
behavior in BD simulations by ¢xing the Na con-
centration at 150 mM and measuring the channel
current at di¡erent Ca2 concentrations. We extrap-
olate to concentrations lower than 10 mM (where we
cannot complete BD simulations) using the values at
higher concentrations. As seen in Fig. 4A, when the
Ca2 concentration decreases the Ca2 current also
decreases, as was the case in the concentration con-
ductance curve, since it takes longer for two Ca2
ions to enter the channel as required for conduction.
Sodium only conducts before the channel becomes
blocked by a Ca2 ion. At lower Ca2 concentra-
tions, this takes longer to occur and the Na current
increases. Experimental results [22] are shown in the
inset for comparison.
A number of experimental results suggest that the
presence of monovalent ions can slow the permeation
of Ca2 ions [24,25]. We examined the e¡ect of ex-
ternal Na ions on Ca2 conductance by holding the
Ca2 concentration ¢xed at 150 mM and varying the
Na concentration from 0 to 300 mM. The BD sim-
ulation results in Fig. 4B show that, as the Na
concentration is increased, the attenuation of Ca2
current also increases. The BD data points very
closely reproduce the experimental results [25]. We
¢nd that this attenuation is caused by Na ions occa-
sionally entering and occupying the outer vestibule.
Although they cannot displace a resident Ca2 ion
from the channel, their presence does slow the entry
of a second Ca2 ion required for conduction.
Mutations of one or more of the glutamate resi-
dues have provided many useful insights into binding
and selectivity in the calcium channel. The replace-
ment of a glutamate residue with a neutral one se-
verely lowers the conductance of the channel for di-
valent ions, and to a lesser extent for monovalent
ions [11]. Also, the block of monovalent currents
by divalent ions is severely hampered, only arising
at much higher divalent concentrations [10]. In BD
simulations, we mimic the experimental site-directed
mutagenesis by removing one of the charges repre-
senting the glutamate residues. In this case we ¢nd
that the current is maximized when the charge on
each remaining amino acid is a full 1.6U10319 C.
That protonation should occur to a lesser degree in
the mutated channel is plausible because there is less
charge in the channel to attract and bind protons. In
Fig. 4C we show how the selectivity of the channel
for Ca2 over Na, and the e¡ectiveness of Ca2
block, diminish when the innermost or outermost
glutamate group is removed, compared to when all
are present. We ¢nd that the removal of one of the
glutamate groups results in Ca2 ions taking longer
on average to enter and block the channel, meaning
that Na ions have more time to permeate and the
channel becomes less selective. The experimental
data [10] shown in the inset exhibit a similar shift
in selectivity.
By performing BD simulations with a simpli¢ed
calcium channel model, we have been able to repro-
duce the remarkable properties of this channel. We
¢nd that the model is fairly sensitive to departures
from the chosen structure. For example, if the radius
of the selectivity ¢lter is much larger than 2.8 Aî , the
presence of Ca2 ions fails to block the passage of
Na ions, as incoming ions can pass around the
blocking ion. The mutation data cannot be repro-
duced in simulations if glutamate residues form a
symmetrical ring, rather than being spread asymmet-
rically; and the behavior in mixed solutions cannot
be reproduced if the ¢lter is moved much further into
the channel. Our model demonstrates how the com-
plex behavior of the calcium channel can arise from
simple electrostatic interactions between ions, the
channel boundary and the charges therein.
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